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Abstract
Cavitation  caused  by  phases  exchange  between  fluids  of  large  density  difference  occurs  in  a  region  where  the
pressure of water falls below its vapor pressure. The density of water in a water-vapor contact area decreases dramatically.
As a result, the flow in this region is compressible, which affects directly turbulent dissipation structures. Leading edge
cavitation is naturally time dependent. Re-entrant jet generated by liquid flow over a cavity is a main actor of cavity shedding.
Simulation of unsteady leading edge cavitation flows through a 4-blade runner bulb turbine was performed. Particular atten-
tion was given to the phenomena of re-entrant jet, cavity shedding, and cavitation vortices in the flow over turbine blade.
The Reynolds-Average Navier-Stokes equations with finite volume discretization were used. The calculations were done
with pressure-based algorithms since the flow possesses a wide range of density change and high complexity turbulence.
The new formula for dilatation dissipation parameter in k- model was introduced and the turbulent Mach number was
calculated from density of mixture instead. 2-D and 3-D hydrofoils based on both numerical and experimental results accom-
plished a validation. The results show that re-entrant jet, shedding of cavity, and cavitation vortices can be captured. In
addition, this paper also calculates the cycle frequency of torque generated by the runner and vapor area evolution on the
blade surface. The cycle frequency varies with cavitation number. At normal operation of this turbine ( = 1) it is found that
both of them have a frequency of 46 Hertz.
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1. Introduction
Cavitation is a serious problem for water turbine de-
velopers. The cavitation may cause noise pollution, erosion
on  the  blade  surface  and  the  wall  of  the  turbine,  and  a
decrease of the water turbine efficiency (Avellan, 2004). Cavi-
tation occurs in the flow of water when owing to regions of
high flow velocity and the local static pressure decreases
below the vapor pressure. Incipient cavitation is simple to
calculate  as  one  just  has  to  find  the  lowest  pressure  that
indicates  the  inception  of  the  cavitation  once  this  lowest
pressure reaches the vapor pressure. Cavitation may occur
on the blade suction surface in region of low pressure or at
the runner leading edge at off-design operation. Experimental
and numerical studies both identically indicate that the effi-
ciency of a turbine strongly decreases when the value of cavi-
tation number is less than the critical one. The real challenge
for cavitation simulation is to simulate full cavitating flow,
which in most case requires the calculation of two-phase flow
including phase change from water to vapor and vice versa.
This paper focuses on numerical studies of time de-
pendent characteristics of cavitation flow on the leading edge
of a turbine blade with high flowing rate. According to the
experimental results of Grekula and Bark (2001), the behavior
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of leading edge cavitation comprises re-entrant jet, cavity de-
formation, and cavitation vortices. The unsteady cavitation
flow  is  characterized  by  the  frequency  shedding  of  the
bubble cloud caused by the development of a re-entrant jet
(Franc and Michel, 2004). Computational fluid dynamics
(CFD) analysis is very helpful to predict flow fields, the effi-
ciency for the different propeller curves, vibration, and cavita-
tion  erosion  of  material.  The  use  of  CFD  brought  further
substantial improvements in hydraulic design, in the detailed
understanding of flows, and its influence on turbine perfor-
mance.
The mixture model (Kubota et al., 1992) for the water-
cavity two-phase flow analysis together with the k- turbu-
lent model provides a good result for 2-D/3-D steady and 2-D
unsteady cavitation flows. This mixture model includes the
term of interphase mass transfer, which was derived from the
well-known Rayleigh-Plesset equation of cavitation bubble
dynamics. The problem occurs when this model is applied to
3-D unsteady flow, there is no shedding of cavity. Coutier et
al. (2003) gave an explanation that the incorrect flow was
caused by the lack of term, which represented the compress-
ibility effect in the turbulence model. Wilcox (2004) proposed
the k- model by including the effect of fluid compressibility
of single phase. In this study, however, the turbulent model
needs to be more modified in order to take into account the
two-phase flow. This paper proposes the new idea for evalu-
ating the turbulent Mach number using volume fraction.
The calculations are tested on 2-D and 3-D hydrofoil.
The 2-D case was validated with both experimental (Arndt et
al., 2000) and numerical (Koop, 2008) results.  The 3-D case
was validated with experimental result of Foeth and Terwisga
(2006).
2. Cavitation Model
The  homogeneous  multiphase  transport  equation
based model is applied in this study. The advantage of this
model is its ability to change the phase using the transport
equation, which can give the calculation result for explaining
the physical cavitation flow consisting of cavity detachment
and cavity closure. In continuity equation, there is the source
term for exchanging phase between liquid and vapor. Several
studies present the different types of the source term. All of
them are the presentation of an empirical factor to be applied
to the mass transfer adjustment. These factors are the results
of experimental and numerical calibration. This source term
derives from the equation of Rayleigh-Plesset (RP) (Kubota et
al., 1992) supposing that the thermal equilibrium is between
the liquid phase and the vapor phase. The equation is based
on the control of the evaporation and condensation of the
water.
The continuity equation, equation of classical RANS,
and the fluid flow mixing homogeneously are shown below.
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The cavitation process is comprised of three compo-
nents supposed to have no slipping between the phases that
consist of vapor (v), water (w), and non-condensable gas in
the form of micro-scaled bubbles called nuclide (nuc). Stoi-
chiometry of each component described by a scalar of the
volume fraction as follows:
  1 w nuc v       (4)
As for the cavitation problem, the phase of the non-
condensable gas supposed to homogeneously mix with the
phase of liquid by the invariant volume fraction nuc  . In this
hypothesis the fractions  w   and  nuc   are able to plus into
volume quantity  l   or the equation of  w nuc l        and
use  l   to calculate in the transport equation. The main equa-
tion of liquid phase consisting of non-condensable gas is
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l l m m    are the source terms of vapor-
ization and condensation, respectively (bubble growth and
collapse), which their unit is 
3 / / kg m s with mass exchange
between vapor and liquid during the cavitation occurrence.
The  cavitation  model  based  on  the  equation  of
Rayleigh-Plesset  is  applied  to  cavitation  rate  estimation.
While the bubbles begin to form in that liquid, dynamics of
the bubbles can be explained by the RP equation supposing
that the term of viscosity and surface tension have substan-
tial value as follows:
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R is a bubble radius,  v p  is a vapor pressure of the bubble,
p is a pressure in liquid, and  l   is a liquid density. The calcu-
lation by first order approximation is applied to the term
of bubble growth and collapse in the RP equation without
calculating the term in the higher order since the frequency
of  the  vibration  is  low  and  neglect  the  interaction  term
between the bubbles. It can be explained by the following
equation:
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The number of the bubbles per unit of fluid volume N
is as follows:
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Practically, the vaporization and condensation have a
different scale of term. Thus, the empirical literals 
c F  and
v F  are in the equation to adjust the value to be practically
similar. Due to the substitution in the Equation 8, 9, and 10 in
the equation (7), there is
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The non-condensable gas is supposed to be a round-
shaped bubble in the volume of nucleation to apply to the
cavitation  process.  The  general  value  of   g    is  10
-5  and  a
default value of the radius of the nuclide is 
6
0 10 R
   m. In the
two-dimensional hydrofoil, the best value, which gives the
result of the cavity, is  50, 0.015
v c F F    (CFX-ANSYS,
2004).
3. Turbulence Model
In this study, Reynolds averaging equation and two
equations of the  k    turbulent transport equations are
used for turbulence modeling. These k    equations devel-
oped  from  the  k     model  were  used  in  many  aero-  and
hydrodynamic studies and can also be applied in complex
flow at sub-layer and wall function grids. Turbulent viscosity
is calculated from the ratio of turbulence kinetic energy and
specific  dissipation  rate,     / t m k     .  In  the  calculation
of turbulence transport model, both vapor and liquid are
supposed to be homogenous which is called “homogenous
turbulence”.
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Turbulent dissipation rate
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4. Effect of Compressibility
The k    model for the flow with the Mach number
over 5 can lead to the changes of the correct flow (Wilcox,
2004). It is caused by the inaccurate prediction of spreading
rate,  especially  at  the  mixing  layer,  due  to  the  increasing
Mach number of the compressible fluid. The influence of the
fluid compressibility can be explained by the relation of dis-
sipation  rate  supposing  the  correlation  between  velocity-
gradient fluctuations and kinematic viscosity fluctuation are
neglected and the type of flow is homogeneous turbulence
as shown in the following relation.
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The quantity of  s   is called solenoidal dissipation and
the quantity of  d   is called dilatation dissipation. However, ,
the latter term can usually occur in case of the compressible
fluid only.
The existing model is more accurate in case of the
compressible flow by calculating the dilatation dissipation
term by modifying the value of  w   and 
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5. Modified Turbulence Model
The reason why we have to modify the turbulence
model is because the existing k    turbulence model cannot
show the behavior of cavity shedding. Consequently, the
turbulence model needs to be modified. As shown in Figure
1, the figure shows examples of the calculation result before
modifying the turbulence model by modeling in the two-
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dimensional hydrofoil. In addition, Figure 2 shows the result
after  modifying,  which  can  show  the  behavior  of  cavity
shedding changing according to time.
According to the related studies, there is another type
of the flow, which has a behavior like compressible flow. It
does not derive from one-phased compressed fluid but de-
rives from phase change due to the cavitation phenomenon.
When the phase changes, due to cavitation, between liquid
(water) and gas (vapor), the density could be greatly change
for 58,000 times, while the pressure shows little change. This
effect causes a decrease of the speed of sound in the fluid as
in the relation  / A P     , which can be explained in Fig-
ure 3.
Based on the aforementioned flow characteristic, it
can be applied for the multiphase flow model. The density can
be considered by the mixture of two phases as shown in the
following relation.
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v r ,  l r = volume fraction of the vapor and the water
respectively
v  ,  l  = density of the vapor and the water respectively
The speed of sound of the mixture in the two-phase
flow model is shown in the following equation.
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The great decrease in the speed of sound causing the
flow  to  be  supersonic.  In  this  research,  a  k-  turbulence
model was modified by changing the speed of sound of com-
pressible flow in terms of the turbulence Mach number to
become mixed speed of sound caused by incompressible or
little compressible flow, because a mix between water and
vapor in the cavitating flow leads to a low value of speed of
sound, especially at the interface of two phases as shown in
the following relationship:
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The modified-turbulent mach number represented in
the turbulent model. Equations 21 can be used to simulate
unsteady  cavitation  flow  behaviors,  especially  cavitation
shedding in three-dimensional complex geometry such as a
runner turbine.
6. Computational Setup
The turbine in this study was designed and developed
by Tiaple and Nontakaew (2004) for a hydro-power turbine of
the Lower Mae Ping Dam, which basically proposed to be a
pump storage of the eighth hydro-generator unit of Bhumibol
Dam, Thailand. Each year, the quantity of water that passes
through the Lower Mae Ping dam is about 150-500 
3 m /s
with an average head at 2.4 m.
In this simulation, CFX was selected to be the calcu-
lation tool for solving equations of unsteady flow through a
4-blade bulb turbine model with a size of 650 mm in diameter
and with 15-guide vanes as shown in Figure 4 (at net head =
3.0 m and flow rate = 1.88 
3 m /s ). The hub and tip clearance
of runner were ignored in this simulation.
The solver with a second-order scheme (Barth and
Jesperson, 1989) was used in this study. A multi-block struc-
tured mesh was generated by TurboGrid mesh generator for
hydraulic machines. Fine meshes were simulated in cavita-
tion condition. The amount of nodes is adequate to capture
cavitating  flow  characteristics.  The  computing  domain
corresponding  to  a  single  machine  passage  (1/4  of  the
machine), was made of O-blocks around the blade, H-blocks
at the leading, and J-blocks at the trailing edge of the blade
as shown in Figure 5
Figure 2.  Simulation result after modifying the turbulence model.
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7. Boundary Conditions
Unsteady-state solutions were obtained for different
regimes by setting the flow rate at the turbine inlet and the
average static pressure at its outlet as boundary conditions
(the net  cavitation number value was set based on the outlet
pressure and head of the turbine stage). Single channel geo-
metry in rotating frame of reference was used and periodicity
conditions were applied to the channel connections. The
hub, the shroud, and the runner blade were set to rotating
walls whereas the inlet and the outlet were set to stationary.
8. Numerical Method
In this research, commercial software, Ansys CFX
(2004)  was  applied  to  calculate  using  the  finite  volume
method. As for the transient term, it was discreted based on
the second order backward Euler scheme, while coupling
between pressure and velocity was made by using Rhie and
Chow technique. For the advection term, the second order
upwind difference scheme was used. The advection scheme
for calculation is as follows:
ip up r        

(22)
whereas  up   is an upwind node value and r

 is a vector value
from upwind node at  ip.     is the control volume gradient
of  the  upwind  node.   is  close  to  1  as  much  as  possible
without creating local oscillations.  is computed based on
the boundedness principle applied in the research of Barth
and Jesperson (1989). This scheme is both accurate and
bounded  since  it  only  reduces  to  first  order  near  disconti-
nuities
The time step used was 0.0001 s. A maximum numeri-
cal residual was kept below 10
-4 as the convergence criteria.
The cavitation model itself was configured with a non-con-
densable  gas  volume  fraction  of  5x10
4.  It  was  believed  that
increasing the non-condensable gas volume fraction in the
numerical model would increase the dynamics of the system.
Thus, adding instability was not a problem in the study. The
water vapor pressure Pv was set at 3,540 Pa. The cavitation
number  was  adjusted  by  changing  of  reference  pressure,
Pref, in the solver. The same effect could also be achieved by
having  a  constant  reference  pressure  and  adjusting  the
vapor pressure.
A  code  for  modification  of  the  k-  homogeneous
turbulence  model  was  added  to  the  program  in  order  to
improve  and 
 to be more accurate in case of the calcula-
tion of cavitation flow by including compressibility effect.
9. Validation
In terms of validation, we tested the accuracy of the
model  by  comparing  calculated  results  with  experimental
results  in  simple  shapes  (2-D  and  3-D  hydrofoil)  because
they use less resource and save time in computing than the
runner turbine, and many researches made about hydrofoil
are reliable. Since validation was proven, the simulation of
cavitation flow on a bulb turbine was calculated in the next
step.
We compared results obtained from different turbu-
lence models and analyzed the influence of grid resolution.
The comparison was done in terms of cavity shedding and
cycle frequency.
In two-dimensional hydrofoil comparison, we chose
the  NACA0015  model  with  6
o  angle  of  attack  and  a  cord
length of 0.13 m to compare it with Arndt‘s (2000) experiment
and Koop‘s (2008) numerical calculation at inlet velocity =
12 m/s, pressure outlet = 74,200 Pa, free stream temperature
= 293 K, water density = 998.2 kg/m
3, water sound speed =
1,537.6 m/s, and cavitation number = 1.
The  numerical  result  can  predict  correct  results  of
unsteady flows as shown in Figure 2. Since the suction side
of the hydrofoil has very low pressure, water in that zone was
changed into vapor at the surface of hydrofoil, called cavity.
When  the  cavity  became  larger,  re-entrant  jet  from  down-
stream occurred. The influence of re-entrant jet causing the
structure of cavity to be broken off and some part moved
towards downstream called “cavity shedding” and it collapsed
when it reached to a high pressure zone. At the same time,
the new cavity formed became larger and the re-entrant jet
occurred constantly according to the time. (Figure 6)
We also calculated with different turbulent models
and different numbers of grid point on foil as shown in the
table below.
From Table 1, k- and k- turbulent models can not be
used to simulate cavity shedding. While SST (Shear Stress
Figure 4.  Bulb turbine.
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Transport) model can only be used to simulate cavity shed-
ding in case of higher number of grid on foil. But the modi-
fied  model  in  this  research  can  be  used  to  simulate  such
behaviors even in case of lower number of grid on foil. How-
ever, error in calculating shedding frequency is higher when
the lower number of grid is used.
In  the  three-dimensional  case,  we  chose  3D  twist
hydrofoil at an angle of attack = -2
o, cord length = 0.15 m by
comparing  with  the  experimental  results  of  Foeth  and
Terwisga (2006). At inlet velocity = 50 m/s, pressure outlet =
1,375 kPa, free stream temperature = 297 K, and cavitation
number = 1.1. The results are shown in Table 2.
The  modified  model  can  also  be  used  to  calculate
cavity shedding results even in the three-dimensional geo-
metry, which is more complex due to the additional influence
of re-entrant jet in z-axis. Therefore, the number of grid point
on foil should be high enough to capture cavity shedding
and the calculation with a high performance computer is also
necessary.
When taking into consideration flow accuracy, we
found  that  the  results  were  similar  to  Foeth  and  Terwisga
(2006) experiment (Figure 7). The influence of re-entrant jet
and side-entrant jet affected shedding of vortex cavity (like
horse-shoes shape), which is called “cavitation vortices”
10. Simulation Results
The results of the modified turbulent model can be
used to simulate cavitation flow in complex situation, e.g.
bulb turbine. The flow behaviors in this simulation is also
similar to Grekula and Bark (2001) experiment (Table 3).
In this study, we found that there were some vortices
occurred at the cavity closure due to re-entrant jet. Figure 8
illustrates  velocity  vector  plotted  on  the  blade  section  at
span 5% from the shroud wall. The re-entrant jet moved to the
cavity structure. Its momentum is adequate for flowing to the
leading edge of a blade and breaking off the cavity structure.
The  cavity  shedding  from  the  main  group  became  vapor
cloud and moved along with the main flow downstream and
condensed when entering the high pressure region. Mean-
Figure 6.  Vapor volume change over time.
Table  1. Comparison of cavity shedding calculation with different turbulent model on
two dimensional hydrofoil.
               Turbulence Model Number of grid Results can Shedding frequency
point on foil capture Shedding (Hz)
k- 400 No -
k- 400 No -
SST 200 No -
SST 400 Yes 32
Mod. Model 200 Yes 27
Mod. Model 400 Yes 21
Experiment (Arndt et al., 2000 ) - - 16
Inviscid (Koop, 2008) 400 Yes 24
Table 2. Comparison of cavity shedding calculation with different turbulent model on
three dimensional hydrofoil.
               Turbulence Model Number of grid Results can Shedding frequency
point on foil capture Shedding (Hz)
k- 30000 No -
SST 30000 No -
Mod. Model 15000 No -
Mod. Model 30000 Yes 185
Experiment (Foeth et al., 2006) - - 15257 T. Sudsuansee et al. / Songklanakarin J. Sci. Technol. 33 (1), 51-60, 2011
while, the new cavity started to form at the leading edge of
blade to replace the condensed one constantly in each period
of time.
Concerning characteristics of cavitating flow at the
leading  edge  of  this  blade,  cavity  tends  to  form  near  the
shroud than the hub. Due to configuration of blade geometry
and centrifugal force, the flow direction near the blade surface
tends to move from the hub to the shroud wall resulting in the
formation of cavities. Besides, vortices also occur near the
shroud, (Figure 9).
The structure of cavities is broken off by a vortex and
shedding the vapor cloud downstream near the shroud wall.
Table 3. Flow behaviors that can be captured by this research.
Grekular and Bark (2001) – This research –
Experimental method Numerical method
Flow behaviors Results can capture the behaviors
Re-entrant Jet Yes
Cavity formation Yes
Cavitation Vortices Yes
Figure 7. Flow behavior results compared with  experiment (Foeth
and Terwisga, 2006).
Periodically, the shape of shedding cavities is horse-shoe
like  because  the  influence  of  downstream  flow  has  high
vorticity. This pattern of flow is called “cavitation vortex”
(Grekula and Bark, 2001).
Dynamic  changes  of  cavity  over  time  are  demon-
strated in Figure 10. Cavities start to form at leading edge on
suction side of the blade affected by vortex leading to break
off the cavities. The small break-up ones are shedding and
transported downstream. While the first cavities are shed-
ding, the main cavities attached to the blade surface start to
reform continuously. When shedding cavities are reaching
to the higher pressure region, they will be condensed. The
condensed  cavities  occurring  at  trailing  edge  of  the  blade
surface may damage the blade itself resulting in shortening
of its life time (Klein, 1974).
Figure 8. Velocity vector plot on a blade section at span 5% from
the shroud wall.
Figure 9.  Velocity vector plot at the blade surface.T. Sudsuansee et al. / Songklanakarin J. Sci. Technol. 33 (1), 51-60, 2011 58
Rate of shedding cavities is obtained by vapor area
fraction on blade versus time graph (Figure 11). Changes of
vapor area fraction over time are observed, which explain
changes of cavities. As the size of cavities is increasing, the
vapor area fraction on blade is increasing. The vortex, due to
separation, starts to flow to the cavity structure and breaks
off into smaller parts, some cavities from the break-up are
shedding downstream and the others, which remain attached
to the blade, are decreasing in size. This explains why the
vapor area fraction on blade is also decreasing.
Figure 12 shows the variation of torque on blade over
time, which is around 440-580 Nm according to the graph.
This variation can be explained by fluctuation of pressure.
While pressure is decreasing due to the formation of cavities
at the leading edge on suction side, the pressure difference
between suction and pressure side of blade will increase and
torque will also increase. On the other hand, when pressure is
increasing due to shedding cavities and collapsing of vapor
cloud, the pressure difference between suction and pressure
side of blade will decrease and a torque will also decrease.
To obtain the relationship between vapor area frac-
tion and torque on blade, we used the Fast Fourier Transform
(FFT)  method  to  calculate  and  plot  graph  between  power
spectrum density and frequency as shown in Figure 13 and
14.
Based on the results from FFT of vapor area fraction,
we found that the maximum power spectrum density was in
low frequency range. So, the shedding frequency of cavity,
which was about 46 Hz, was also in the low frequency range.
From Figure 14, we found that the power spectrum density
calculated by FFT of torque on blade is related to FFT of
Figure 10.  Dynamic change of cavities at the leading edge of the blade at each time.
Figure 11.  Change of vapor area fraction on blade over time.
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vapor area fraction on blade in a low frequency range or a
range of shedding frequency. The relationship of two figures
demonstrated that the shedding frequency had effects on
fluctuation of torque on blade. However, torque fluctuation
was also found in a higher frequency range, which might be
explained by the influence of high turbulence on a pressure
side of blade.
The  effect  of  torque  fluctuation  on  water  turbine
blades resulted in the occurrence of vibration at blade lead-
ing to shortening of water turbine’s life time and generation
of noise pollutions (Avellan, 2004).
11. Conclusions
A new k- turbulent model for unsteady cavitation
flow has been developed. The turbulent Mach number in-
cluding  an  effect  of  compressibility  was  calculated  with
volume  fraction.  A  modified  k-  code  was  added  to  the
program in order to improve  and 
 accurately. The simula-
tion  results  with  new  modified  k-  turbulent  model  gave
clearly  cavity  shedding  characteristic.  A  comparison  with
both two and three dimensional hydrofoils, it is found that
Figure 13.  FFT of vapor area fraction on blade.
Figure 14.  FFT of torque on blade.
this modified model can be used to simulate unsteady flow
behaviors correctly when compared with experimental results
(Arndt et al., 2000), (Foeth and Terwisga, 2006) and is better
than the available model.
The computational results have shown a capability of
unsteady cavitation flow behaviors prediction on 3-D runner
turbine, including re-entrant jet, cavity shedding, cavitation
vortices, and periodical behavior of cavitation flow. When
fluid flows through the turbine, the cavity occurs and attach
to the blade surface at the leading edge and suction side of
runner turbine. Re-entrant jet is an important mechanism that
causes the cavity shed to the downstream. Some parts of the
shedding  cavity  are  similar  to  horseshoe  shape  due  to  the
influence of vortices at the trailing edge, called cavitation
vortices. While the old cavity was shedding from the leading
edge, the new was formed instead. This periodically repeat is
called cavitation cycle. The cycle frequency, 46 Hz was found
by performing FFT analysis on torque variation and evolu-
tion of vapor area on blade surface at the normal operation
of this turbine.
The fluctuation of torque on blade during an opera-
tion  is  a  major  cause  of  reducing  water  turbine’s  life  time.
These factors should be taken into serious consideration by
turbine designers.
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Abbreviation
A = Speed of sound in fluid
C

= Velocity vector
F = Constant
f

= External force vector
k = Turbulent kinetic energy
M = Mach number
M
 
= Momentum force vector
m  = Mass flow rate
N = Number of bubbles
p = Pressure
R = Bubble radius
r

= Vector value from upwind node
 = Volume fraction, Alpha coefficient
* ,   = Beta and Beta star coefficient, Constant
 = Dissipation
 = Viscosity of fluid
 = Turbulent Schmidt number
 = Shear stress tensor
 = Node value
 = Turbulent dissipation rate
Subscripts
d = Dilatation
i = Initial
l = Liquid phase
n = n
th phase
nuc = Nucleation
o = Nuclide
t = Turbulence
s = Solenoidal
v = Vapor
w = Water
Superscripts
c = Condensation
v = Vaporization